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A b s t r a c t .  A  key obstac]c  IJa]nljcnillg ficldiag  of Al ]Ilallllillg a]>],lica-
ticnls is tlic  coasidcrablc  cxJJelIsc of dcvclo])ilIg,  vcrifyiag,  Ill)dati]lg,  a]id
Illail]taillillg  tl]c plaljliing  knowledge I)a\c (1{11). I’lar}llillg  systelns  ~[lust
I,c: alk to co]opwc favoral,ly  ia terals  of software lifc,c,ycle  costs to otllcr
]I)caas of auto] adion sacl I as scri}is or rale-l)asccl cx]mt s.ystc]IIs.  CoII-
scqac]]tl.y, ia orclcr to ficlcf  real systellls,  ])laalli]lg  ]jractitiollcrs  Iaast bc
al)lc to ]movicle: 1. tools  to allow clo]naill cx],  crls  to create and debag  their
OWFII I)la]l]li]lg k(lowlcclgc  b.asws; 2. tools fo] softwarc~  vcrificatio]j,  valida-
tion,  and testing; a]lcl 3. tc)ols to facilitate Il])datcs  al[d ]aai]ltmaace c,f
tl)e ]Jalll]il]g  kaow]eclge base. ‘J’}lis palm clcscrilm  two ty]m of tools for
]Jlalllli]]g knowlcclgc  I)ase dcvelo]JIoeIIt:  static 1{11 a]lalysis  Lech]liqacs to
dciect ccrta ia classes of s.yatac tic crroIs  i]! a ]Jla]lniag kllo~,lcclge  I]asc;
a]ld co]olktioa aaalysis  tech] ]icplcs, to illt<ractivdy  clcl Iug the ]Ilalluillg
kaowledgc  base. We dcscril)c,  these k]low]cdge  clcwelol,]ilmlt t o o l s  a]ld
descrilw  clnl)iric.al results rfoc.ummti]lg  the uscfalncss  of those too]s.

1 1 ntroduction

A li~y  lmttleacd  ixl al)~)lyi]lg  Al lJallllil]g tccll~liqucx to a real-world  }MCSMCIII  is
tllc amoul]t  of effort rwquird to colwtmct,,  (Iclmg, verify, and update (lnaint,ail))
tlw l)lan)~ing knowledge base.  III l)articulal, l)laullillg sys!,cuIIs  laust be able to
coml)arc  favorably in terms of softwarw lifcryclc  costs  to otllor  ]ncal]s  of autoxna-
tioll SUCII  as scril)ts  or rwlc+basd  cx]mt,  systclns.  AII ilnl)ortant colnpollcnt  t o
rduc.il)g sud costs is to provide  a good clwirollmcllt  for dcvclol)illg ]Jalltling
kIIowlcclge  bases. Despite this  situatioa, rclativdy little effort. IIas lmcnl dcwotd
to dcvclol)illg al) intcgratd set of tools to facilitate coastructil]g,  del.mggillg, vcl-
ifyillg, al)d uldating s~miali~d klmwlcclge strut.turcs used by plallllillg  systems.

Wl)ilc comsidcrablc rescad  has focused C)II kIIowlcdgc  acquisition systmns
f o r  ralc-1 )asd cxlmrt  systclm [5] , and objc!ct-c)ricllt,ccl/ illllcritaIlcc kllowleclgc
bases with lmoceclurcx and mctllods  [8], little work has focwswl  on knowldgc
acquisit,ioll for slmcializd ldannillg  rel)rcsc)ltatiolls.  Notable cxcq)tiolw  to this
st,at,cmcnlt  am [G] whidl  uses illcluctivc lean Iing cal )abilit ics and a silmdator  to
rdillc Idanllillg  olmrators  slid [18] which uscs cxlmrt  traces  to lcarm and a silnda-
tor to rrfim I)lantling olmators. IIowcwcr, in ma]ly cases a silllulation  cal)ability

* ‘J’llis work was ]wrfor]nrd  lJy the JCL I ‘ro]mlsicnl  1,aboratory,  California lastitate of
‘1’eclIIIology, uadcr  coatract  witl) the National  Ael m~autics aad S])acc Adloiaistratio]i.
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is I lot available. lu these situ atio] is tlm user l]ccds assistatlce  ill causally tracing
errors and dchggillg  fro]n a sil@c  cxamlde),  This assistaxlce is sorely uccdcd
to cnalde  domain  cxImts to write a]ld dcbog clo~liait] tllcorics  without  rclyillg
o]] AI people. F}nthcrlnore,  ldwlllin~; kllowlcclgc base nlailltcllallcc  is oftrnl over-
looked. Sucl) tools arc also invaluable  ill tracking smaller bugs,  verifying 1{11
coverage 2, and ul)datillg  the 1{11 as tllc dolnail~ cllallgcs. While these tools can
draw ]nucl]  from causal  tracking tccl Illiqucs mm] in ruk-based systcnns  [5], tl!cre
arc several asl)ccts  of planning  systc]ns  which diflcrclkiate  tllcm  froln rule-based
systclm - their s1Jcciali7,cd rqmsclltatiolls allcl tlwil tcm~)oral  rcasol~il}g  capal)il-
itics.  l’wo specialized rclmsclltatiolls for })laming  arc lmvalcnlt  - task rcdoctioll
ru]cs and planning  ol)clators.  ‘J ‘llcsc lcl)rcsclltatic)lls  as well as tl[e most coln-
moll col~shaint,s (ordcrillg  and codcsigllatioll  Collstraillts)  have evolved so that
spCCia]i7,Cd  l&%SOllill~  d~Olit]llIIS  lllUSt lJC! dt~)k!C]  tC) SU})\)Olt  d~hl~~ill~.

Many types  of knowledge cllcodilg errors can occur: incorrectly  defined l)rc-
conditiolls,  incorrectly defined cft’ccts, and incorrect  varialjlc  slmificatiol]s. III-
variably the cnd result  is a mismatc]l  M,wccn  the planners model of tllc lc~,ality
of a ldau and the mode] dictated l~y tlm do]nain (or clol~laili cxl)crt).  ‘J’]lus,
t]lc cmd symptoms of a knowledge base CIJ’01  call hc brc)adly classified into  two
categories.

17Lco7vcct l’lan  Gc9Lcraf.ion:  ‘J1his occurs whml tile ~)lanncr is prmulted  a I)rol)-
lcvn and gcmratcs a l)lall wllicll does not acllicwc tllc goals ill tlm currcxlt })roblcln
context. 111 our cxpcricncw,  tllc currcli  problem  and faulty solutiml  call focus at-
twltion  in clcbuggillg  the flaw ill tllc kllowlcdgc Last. IIy using tllc faulty  l)lall
to direct tllc debugging lmoccss,  tllc lwcl call oficn focus oll tllc incorrect, lil)k ill
tllc I)lan  (faulty lmotcctioll  or achicwnncllt)  - allowillg for ral)id  dclmggillg.

Failure to G’c7~c7atc a I’la7u !l’llis occurs wlic]l  tl]c ldallllcr  is lnmcntcd wit]]  a
solvable problc]]l, but, tllc I)lallllcr is ullalj]c to filId a solutiol].  in our cxl)cricllcc
this tyl)c of failure is far lnorc CIiflicult  to debug. l’llis  is bccausc  tjl]c user dots
IIot  l]ave a l)articular  ldall to usc to focus  the clcbuggillg  process. ‘J’l Ius, oftcll a
user would mal]ually  write down a valid Ida]] based ou tllcir  IIlmltal ]nodcl of tllc
domain, and then trace: tl]roug]i t]lc stq)s of tllc IJatl  to verify that, tllc plan could
bc collstroctcd.  1 lccamc our Cxl)cl icllc.c has bcc)l that, dctcc.tillg and delmggi)lg
failom-to-generate-a-ldal] cases has Lccn more diflicolt,  our work focuses o:L: 1.
verifying that a clomain tllcory  call solve all solvaMc  lwoblmns;  and 2. facilitati])g
dclmggilig  of cases where tl~c domain tllcory  dots not, allow solution of a l)roMPn)
dccmcd solvaldc by the dolnail] Cxl)c] t.

~’his ])al)cr  clcscribcs two tylws of tools dcvclolmcl to assist ill dcvelol)illg
])]allllil)g  kl]owlcdgc  baSCS -  static a~la~ysis t e d s  a]ld Colnplctioll  [L?Ld~S~S  t o o k .

Static al]alysis  tools al~alyzc tl}c doll ~ail~ kllowlcdgc ILIICS and o])crators  to scc
if CCI’taiIl  gOa]S Gill  0 1  Gil]llot  lJC illf(!l’1’(’d. ~~OWCVCl,  bCCaUSC!  O f  COI1l])UtatiOIial

tractability issues, these checks lnust  be lilnitcd.  Static analysis tools arc useful
i]: dctcctillg  situations ill wl)iclt a faulty  knowledge Last causes a tol)-lcvd  goal

2 If ’or work in verif.yil)g rule- basccl sysicI  IIs - scw [13]. For work on IUlC base rcfiuc],,c~,t
using training cxallll)les  (the analop,  uc of a silnu]ator  for pku[ning  1{11 IdiIIc:IIlcIIt)
SW’ [!3] ,



or Olmatlor  lmcollclitim to be ullacllicval  JIC - frquclAly duc to oloissioll  of all
olmator cffmt  or a typo.grapllica]  error.

Colnldciion  analysis tools olmatc at l)lall]]il)g tilnc  al)d allow tile l)lallncr
to complete plans  which can achicvc all but  a fcw focused SU~JgOalS or top-level
goa l s .  Colnplctioll  analysis  tools arc useftll ill cases wllcxc a faulty  klmvlcdgc
base dc)c:s not  allow a ldan to be ccmstructcd  for a Iwoblma  that the domain
cxlmrt  believes is solvalde. In the case wlicrc tIlc Coml)lctioll analysis  tool allows
a ]dan to bc formed by assuming goals true, tllc dolnaill  mpcrt call tllcw be
focmwd 011 thcso goals as lmx’mlting tl~c l)lall frola  Leillg gc]mratcd.

‘1’lic static analysis and colnplction  al]alysis  tools IIavc bcc]l clcvclolxxl ill rc-
sl)o]m:  to our cxlmrimces  ill dcxwlo})il]g,  and rdillillg tl)c knowledge base for tllc
Multilnission  VICAI{  I’lanncr  (NIV]’) [1, 2] systcnn,  wllicll a~~tomatically gcl]-
cratcs VICAR ilnagc  lmoccssing scril)ts  fml t slmc.ificatimls  of image lnocc!ssillg
goals. ‘1’]m MVI’ system was iliitially  used ill IkmInlM  1 CN3, and has bcm in
routillc  usc since hIay 1994. T’lm tools dcscril d ill tl]is I)alm were drivml by our
collsidcrablc  efforts ill kllowlcdgc base (lc~’(:lol)lllellt,  dclmggillgj allcl uldatcs to
tl]c ]nodest  sired liILowlcdgc base for h4Vl’.

~’llc rcmaindm  of this l)alwr is orgauiml  as follows. Section 2 outlillcs  tllc
t,v,o l)lallllillg  q)lcsclltatiolls  ~r~ sL1l)l)ort: t ask rcd~lctioll rules and operators .
Scctioll  2 also bricily  clmcrilxx how tllcsc  1(’l)rescl]tatiolls  arc  used ill l)]anning.
%ction 3 clcscrilJcs static a]lalysis  rules fo~ assisting ill plan~lillg 1<11 vcrificatiou
and clcvclolmcmt.  Scctioll  4 dcscrilm col]lldctioll  al]alysis  rules for assisting ill
ldalllling  1<11 dcvclolmcnt.

2  VICAIL Ima.sy! ]>rocx%si]l~

WC (l~sc~il)c  tl,~ st,at,i~ ~IId co,,~])l~t,jol,  a][~lysis  t,oo]s U,itl]i]l tll(! C,o]ltcxt,  Of t,llc

Multimission  VICAR I’lannw  systm, a ficldcxl AI plaming systcm  which auto-
lnatcs certain ty])cs of image lmccssillg ‘+. M\TJ~ ~lsc:s  ~c)t,ll t,ask ,~:cl~lct,ioll  a,l~{

ol)crat  or-basccl mcihocls in ldamling.  1 lowmcr,  tllc two l)aradigms  arc sq)aratc,
ill that MV1’ first, pcrfomls  task rccluctioll (also called llicrarcllical  task llciwork
01’ 11’.I’N ])hlllillg)  ad thCIl ]K!lfOllllS O])  C1’Zltol-}JaSC(l  l)hllilig.  all  O f  th(! taSk ‘
reduction occurs at tjllc higl)cr collcq)tual  level al)d tl)c qmator-based Ilmtllods
at tllc lower 1CVC14. Conscqucnltly, hIVl’ US(!S two lnail~ tylm of kllowlcdgc to
collstmct image lmoccssing ldalts  (scril)ts):

dccoln])ositioll  mlcs  - to sl)ccify l)ow 1)] oblcms arc to  I)c dmom])osf.xl  ilito

l o w e r  level  sulq)roblms;  and
—. ..— ——
3 \Ve  oIIly briefly dmcrilm  the MV1’  al,l,licatioll  clue to sI,ac.c, cmwtraillts.  For furtllcr

in fmloation  on this a}>plicaticm area, MVI’ alchiteclurc, and kllowlcdgc  rqmscllta-
tioll scc [1, 2].

4 hlVI’ firsl  uscs task rccluctio]l  [1 1] ]Ilanllillg tccllniqum  tc) lmforln l]igh lrwel strategic
classification and dccc)lnl)osition  of tlIc lmljlcm t}lcll uses traditional olwrator-l)asccl
[15] ,,lan,,ing  *,aradignm to *,la*L at tl,e ]mvcr Icvcl



- cqxwators  - to specify I)OW V] {~Alt lJrog].a~l~s  call IN USCC1  to acllicvc IOWW
level image lnoccssillg  goals (In oducml by 1 above ). Tlic.se also sl)ccify  now
V] ~Al{ progra~lls  illtcract,,

‘1’hcsc  two types of ktIc)wl@c  stlucturcs arc dmcribccl ill farther detail  below.
A kcy aspect  of MVI”S intcgratiol)  of task rcductio]l  and olmatol-1.)asc!cl

plamling  is that first task reduction is lmforlllc(I,  tllcll oImat,or-l~asccl  ldallllitlg.
]Iccause  of the orclcr ill wllic]l tllww are lmforln[!d,  tllcsc  two tyl)cs of kllowle(Igc!
ca]] IN clleckccl scl)al.at,clY.5

2 . 1  T a s k  Rccluctioll  l’lannillg in MVI’

h4VP uses a task reduction  ajq woaclI to ldamlhlg,  III a task reduction  al)l)roacll,
rcxluctio)l  ralcs  dictate IIow irl ldall-s])acc ldallnillg,  oxlc ldall call bc lcgal]y tralls-
fonnccl  into anotllcr  ])lall.  ‘1’lIc ])lallllc!r  tllcll  scarcllcs  tllc  ])lan  sl)ace  dcfillc(l I)y
LIICSO reductions. Syutactic:ll]y,  a task rcxlactioll rule is of tllc forl]l:

1,11s 1{11s
(;1 = initial goal set/actiolls G]{, 1 cdoccd goal set/actiolls
CO n Corlstraillts + Cl : (Ollsl,lail,  t,s
C2 == Coatc’xt N = II<Ites 011 clecolll~jositioll

~]lk I n k !  Skk!S that a Sd O f  ~OalS  01 aC~iOllS  ~;] Call  IJ(! I’(X]UCC[]  tO a II(W SCt
of goals or actions GR if the set of constrail]ts  C(I is satisfied ill tllc carmlt
l)lall and the colltcxt  ~2 is satisfied ill tllc curmlt }Jlall lmwiclcd the additional
cons t r a in t s  (31 arc  added to tile l)lal]. co a~ld ~1 arc constlaillt forllls wl]icll
sl)ccify  conjllllcts  of comtraillts, cacll of whicl] lnay bc a codesig[latiol]  const)ail)t
01) v a r i a b l e s  al)Imarillg ill tllc l)lall, all ordcrillg  collstlaillt 0]1 actions  or goal
acllicwelllcllts in tlm ldall,  a llot-~mcscllt,  constrai~lt  (wllicll is satisfied o]]ly if tllc
activity 01 goal ,sI)ccificcl does not, aI)lmar  ill the ldall al]d Iicvcr  aljl)calcd  in tlIc
dcrivatiol)  of tllc  ])lan), a ])rcscllt  collstrail)t  (wllicl} is satisfied only if the activity
or goal spccificcl did al)I)car in tllc l)lall or derivation of tllc ldall),  or a lmotcctiol]
constraint (which  sl)ccifics  that a goal 01 set of goals cannot  bc invali(lat,e(l during
a  sl)ccific(l tclnl)oral  il]tcrval.  Skclcta] ldallllillg[lo]  is  a  tccllaiqll(! i~l wllic]l a
lwoblcla  is idclLificd as one of a gcllcral  class of lNoMcIIl,  q’llis classification is
then U S C(1 to CIIOOSC  a l)artic~lla) solulio]l ]nctho(l. Skeletal lda~lllillg in MV1’ is
iloldclncl)tcd  in by cncodi~lg dccolllpositio]l  ralcs  which allow for  classificat,iol]
and illitia]  dc!compositiol]  of a set of goals corrcsl)oll{]illg  to a V1~Ali  ]) IOIJ]C1ll
class. ‘1’hc 1,11S of a skc]ctal  clcco~lll)ositic)~l NIIC i~~ hIVI’ CONCS1)OIICIS to a set of
conditions specifying a l)roblclll class, and the 1{11S Slmcifies  all initial lMOLICII1
clccolnl)osit)io]l  for tlmt lmoldcIIl  class.

MVI’  also uscs dccompositio]l  ra]cs to ilnldclncllt  ]licrarcllical  l)]al~]lillg.  ]]icr-
arcliica] planning  [1 7] is all al)lnx)acll to ldallllillg  where abstract goals or lwoce-
dures  arc il]crcmclltally  refilled i]lto more and Iaorc sl)ccific goals or procccIuIcs
- — — . — . .
5 A  ]norc  IcccIItly  CICVCIOIJCCI  l,lal)llcr  [3, 4] coll]l)lctc,ly illtcgratcs  t]Icxe two l,]allllilig

IJaradigjns. While natural cxtmwio]ls  of static  arlcl colljl,lctioll  alla]ysis to t}lis illt,c.
grated  IJallllilig  alqmoach exist, wc IIave not as of yd cxl)lorccl SOC}I  J)ossi}Jilitics,
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:Imconclitions
the lmjcct of ?illfilr  lnust Iw galileo
t}tc data ill ?il]filc laust he raw clata values

:Cffc!cts
rcmaus  are IIot iatad for ?il)filc
the clda in ?i)lfik  is not raw clata values
nlissirtg lines arc lIot filled ill for ?infilc
?il,filc is racliollletrically  COrlC!CtC!d
tllc  image forlnat  for ?infilc  is llalfword
?il,filc  }Ias  ljlclI Iisllcs-rclllovecl
if (U1iWC~ c]llticul is sdcdecl) tlwa ?i]lfilc  is uIIcwcvI I)it wci~;llt  ccmmtccl
if (C~Al,<; o}iio]l is sdcctc:cl)  thml ?iufilc  has clltro})y  vducs calculated

2 . 3  Different T o o l  Types ancl l{cl)reselltatic)~ls

111 orclcr to facilitate this kcy lnoccss  ofknow]cclgc  acquisition and rdi~lclnm]t
we have Imm clcwclol)illg a set of l:]lowlcclge-base  ecliting a]ld analysis  tools .
~'llcsc toolscaIll  }ccatcgo~izecliI  ]totwogc  ]loralty})cs:  (1) static ki[owle(lgel)asc
analysis tools; ancl (2) ccmldctioll  a)lalysis tools.  l\ccausc  MV1’ uscstwotylmof
kllowlcxlgc:  dccoml)ositiou  rules and olmrator  cldinitions,  cac.h of tlmw  tools can
bc used with  cacll of tllcxc rcqnmcnt atiolls.  l’lms  t]mrc are four types of tools:

— static rule  analysis tools;
— static olwrator  analysis tools;

complctioa  rule allaIysis  tc)ols; and
— com{)lction  rule analysis  too]s.

Forcach  type of tool, it is lmssiljlc tc) lmrforln tl]c analysis  usil)g lmol)ositicmal
or fall predicate cllcckil]g. in lmc)lmsitioual  analysis, all actions  allcl gc)als are
considered optimistically only for tllcl)rc(licateorg,oal llamc.  l~orcxaml)lc,  wlicll
collsiclcrillgw~llctllcr  an operator cmllcl acllicwcaslmcific  fact, “(radiomctrically  -
correctcxi ?filel)’’, ol)tilnistic  trcatIllclLt ]ncanstllat ally cffcctori~litial state fact
with  tlw lmclicatc “ra(lic)lllctlically -cc]rlcctc(l” call be uscxl. TVhcll considming
whether  an cflcct , “ (raclic)lllctlically -collcctccl ?filcl )“, clclctcs  almtcx%ecl  fact
“(ra(lioll)ctlically-corlcctccl  ?filc2)”, o]lc lwesumcs that the argummtls  to the
lwcxlicatc  call hc rcsolvcxl  such that tl]c conflict clocs not  occu r .  ‘1’llcwforc  tllc:
cflcct is not  collsiclcrc!d to clclctc tile fact. q’llc lnq)ositional analysis  is usc:d as
a fast checking compollcxlt  to c.a[cll simldc errors  WIICU1 debogging  a knowledge
Last .  l’llcfllll static analysis  isllseftll l)~lt, rcst~icteclt o~]~orel  )atcl]-likea  ljalysis
due to it’s comlmtatiollal  CXIXVWC.

3 Static Analysis Tools

3.1 Stat ic  Analysis  Tools  fcw Task Rccluction  ILulcs

Static analysis tools allaly~c tl)c kliow]cdge  base to clctmninc if prc:-slmcificd
l)roblcm-classes arc solvab]c.  ‘1 ‘lJC static analysis  tccl]niqucs  cal i bc usccl ill two
ways: 1. fast mn-tilne chcckillg using lnq)ositiollal analysis (callccl prol)ositkmal



as dictated by goal or proccdurc  dccom}mit  imw. h(l Vl’ uses this approach of
hierarchical  decomposition to rdiIIc tllc  i]litia]  skolctal  I,la]l  il]t,o a more slmcific
])lall  sl)ecializd  based  on the slmific current  g o a l s  allcl situation. “1’his allows
tl)e overall lmoblcm  dccolapositiou  to bc influcvlccd by factors sac]]  as tlm prm-
c]lcc m abscncc  of ccrtaill  ilnagc calibration film or tlw tyIm of ilwt)rulmut  and
sl)acccraftl USCCI to rcc.ord  t,l]c i]nagc.  F’or cxa]nldc,  geometr ic  ccmwctiol) uses a
lliodcl  of the targc.t  objcc.t to correct  for varialdc  dista]lc.c  from the instjnmcmt
to tl)e targc!t. 11’or VOYAGEIt  ilnagm,  gconlctric  corrcctim is lmrfor]oc!d  as l)art
of tlm local correction lmoccss,  as geolnctric  (Iistorticm  is Sigl)ificantl  miougll  to
require  ilnmcxliatc  correction Lmfcmc otl)w  ilnap,c l)roccssillg stq)s call bc lM-
fonacd.  ]lowevcr,  for GA] ,11,1;0 images, gcmnctric  corrcctio~l  is l)ostpolmd  ul]til
tile registration stq), wl]cxl! it can bc lmfonocd  more cflicimlt]y.

‘1’his clccollll)ositioll-basc(l  alq)roac.11 to skeletal  and llicrarchica]  planning irl
hIVl’  has  several strengths. 1+’irs~, tlm clccc,ll~l)ositic)ll rules very l~at,urally Nlm-
scl]t t,hc IIlal)llcr  ill which tile ana]ysts  at, tack the l)roccdurc  gcllcration  problcm.
‘ll]us, it, was a relatively straigl~tfonvard  in oc{!ss  for t}lc analysts t,o art,icu]atc
and accc])t,  classificaticni  am]  dccom])ositioll  IUICS  for t,llc subar(!as  wllicll  wc  ]Iave
ilnl)lmmltcd thus  f a r .  Scc.olId, tljc ~lotes frmll t,llc dcwolnl)osition  rokx  uscxl to
decoInlmse  the problem  can bc USCCI to annotate t,llc resulting  plan to ]Ilake tllc
outllmt ldans  ]norc unclcmtalldaMe  to  the almlysts.  I’llird,  rclativc]y  few lnol>-
lCIII dccom~mition  rules  are  easily able to cover a wide range of ~MoLlems  and
dcco]nl)cm  thcna into  much slnal]cr  suhproblm  ns.

2 . 2  Opcrator=based  P l a n n i n g  in MVI’

MVI’ rqnesents  lower level lmoccdural  illforlllation  ill tcmns of classical ldalu]ing
olmrators.  Tllcse  arc typical classical ~)lallllillg  ol)crators  with lncxonditious,  ef-
fects, col)ditiollal  cfi’ccts, mlivmsal  and cxistcntia]  qaalltificatioll  al]owcd, and
wit]] codc!sigllatioll constraillt)s  allowcxl to al )Jwar  ill operator lmcollditiolls and
cflcct  col]ditional  prcconditiolls.  For rcasmls  of sl)acc constraints tllc qwrator
1(’l)rcsclltatiol]  is o])ly  briefly dcscrihcd  llcrc. (fol a good dcscrilAiml of a classi-
cal ldalllling  olmrat,or rclmcscxd,ation  silnilar  to ours sce [1 5]). q’bus, all o}mrat,or
IIas  a list  of ])aramctm  variab]cs,  a conjunctive set of ]mcouditicms,  at]d  for cacll
cflcct  (wl]ich is a col]junct)  tllcrc  is a (I)ossildy I)uII) set of 111(’cc)llclitiolls,

O]witor
l’alall)eh’s: vmiablc*
1 ‘rccollditioIw:  1 ‘IN = 1’101)*
ltflccts: [Nflec.ti = l’ro}J* WlICII Qmci =  I’101)*]*

‘ h e  aljove qlcrator l~as tile sclnal~ticx that, it Cal] Only be cxccutcd  ill a stat,c ill
wllicll all of tl]c lmccouditions  I’rcc arc true. A] Ld W1)C]I  exccutec],  for cacll cfrcct
set,, it” all of t,lle Col]ditiollal  l)rccol)dit,iolls  {;] ~rcci arc true ill t}lc illl)llt, st, at,c, tllc
cflcct  l’;ffccti  occurs  and all of the effects arc true ill the out,lmt,  stat,c.

A dw+cri])tioll  of tlIc!  CJAI,SOS olmator  is SIIOWI1  below.

o])crat,o]  (;,4],soS
:Imamctcrs  ?illfilc ?ulnvc ?calc
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static ru]c analysis); and 2. off-liuc  kllowlcdgc-base a~lalysis to verify domain
covcragc  (called fall static ru]c al]alysis).  III our kllowlmlgc  base dcvclol)lacllt
a]ld rcfi}mmnt framework, the kllowlcdgc base is dividwl into a set of problma
S])am!s.

A ]) IOLICIII  s])ace  consists  of a set of allowable sets of iJi])ut  goals or lligll  Icw(!I

tadis  a]ld a set of ol)crational  goals, facts, or 10 W U- 1C V C1 tasks.  IJ) t}m  case of
static  rule  analysis, tlw analysis l)rocess  is to verify that all legal sets of input
goals call h rcduccd  into  oImatiollal goals/f act,s/tasks. ‘1’IIc sc!t of allowable
illlmt  goals is formally sl)ccificd ill tcnas of logical coust,rail)ts  011 a set of goals
Iwoducc!d  by t,llc illtcrfacc,  F’or  cxamldc,  I J[!IOW wc show a  siml)lificd lwoblc]a
sl)acc dcscriptim for the navigat)ioll  ~wol)lcl 11 sl)acc.

~’llcsc lnoblcm  sl)aces rc~)rcscllt, a set of cxmtcxts  ill wllicll tllc dccollll)ositiou
j~lal)licl or ol)cratol l~lanncr  is attempting t c) solve a gcmral class of prob]c]m.
Ih.wmllmsil]g  the overall 1 moblcm solving 1 )rocess  into tllcsc  1 )1’OhlCJll  sj)accs and
almlyzil]g each ill isolation dralllatically  rcduccs  tllc cm]lldcxity  of the analysis
lmoccss.  of course, tl]is introduces  the l)ossibility  that tllc kllowlcclgc base aJ]al-
ysis is flawed duc to a lmor prohkua  dccmlllmsitioll.  (Jllfortul]atcly,  wc k~low of
110 otllCl”  Way aJ’OIJlld  thi S ])1’Ob]Clll  .
IIlljut  goals arc all colnl)il)at,iolls  of

(~lttCS1lll)t-t[)-lAIiENC  ?fk) (al, t{,,,latc},  :? fi]cs)

(I,lanl,,atch  ?filcw) (carve-verify ?film)
(clisl,lay-alltolilatcll-rcsicll,al-error ?filcs)  (clisl,lt,y-l,laI, ]l,atcl,-r{:sicl{, al-error ?files)
(,l},clatc-arcllival-scclr  ?filcw)

Sul)jcci  to the comtraillt,  that:
-I((at,(,[IIII],t-to-11’Al{lI;NC:  ? ‘files ?filcs)  a],d (auto, aatcli ?fiks))
-,(carvc-verify ?filcs)  or (attc:]l~]J t-to-]  ~’Al{]{}NC; ?filc~s)
-~({lisl >lay-alli{~ll latch- rcsicl~la l-error  ?fIlcs) c)] (al[tol[latcl)  ?fIlcs)
>(clis})la.y-lll alllllatcll-rcsicl  llal-crrc)r ?filcs)  or (Il!alilllatcll  ?filc,s) Gm)crally,  tllc allow-
able sets of illlmt  goals arc of the forla “all Collll)inatiom of tlmc 5 goals Cxccl)tj
tlmt goa14 and goa13 arc il]coml)atiljlc,  all(l that cvmy tilm goal 2 is selected
goal 1 must have this paramctm...

‘1’lm outlmt legal set of goals/facts/tasks al c dcfhlcd ill t,crlas of a set of o])-
cratiolla]  lmxlicatcs.  For cxam]dc,  ill the rclati~’c Ilavigatiol) example used above
l]as the o~)cratiol]al  prcdicatcs:  col)strllct-c)lll-l)  latlix, a~ld clisl)lay-oJll-crJor,

‘1’his lacalls  that any goal/activity/fact ~mxluccd usil]g cu)c of tlmc predi-
cates is comidcrcx]  acllicvccl. Static rule mlalysis  IUIM  the mlcs  0]1 tllcsc  al]owablc
c.ollll)ill:itiolls” al~d verifies that tllm dccollllmsit  ion rules cover tl)c col[lbillat,iolw
(tl]is corrcsl)o]lds  to cxl]austivc  tcsti]lg  of tllc task reduction  JWICS). As dcscril)cd
ill Scctioll  2.1, tllcrc arc several tyl)cs of collstrai]lts  used ill tllc task rcx]uctioll
rules. SOl)lc of tllc!sc constraints do Imt, lllalic smisc for a l)ro]msit,iollal  analysis,
]]ow constraints arc  halldlcxl ill the lwoI)ositiollal analysis is slIowJI  below.

“~’l)c lwil]ci~~al diffcrcncc Lctwf!ml tllc 1)1 o] ,Ositional  and Iloll-l)rc)l)c)sitic)llal
cases is that, wlIcJl lwcdicatm  arc trallsfomlcd  to tllc lmolmsitiolla] case, co]l-
straiJlt  rc!solutioll olAimist)ically  lmcsulllcs  variable assigylmcnts will rcl Ilovc con-
flicts. l“or cxamp]e,  consider the ldall and rcductiou  rules  Shown below.



‘lhblc 1. l’rol,ositional  vs. I’hll G3aslIaitit  llalldlillg

StaticltuleAnaly  zc(illlmt-goals,  ol,cratio~]al-goals,  ru]cs)
initialim  Q = (goals= itl},ut-goals,  col,straiIlt,s:. {})
sc’]cct  a ])]aJI  ]’ fro]]) Q

for cad)  p]ali 1“ l,rodaccd  l)y leducing  a goal ia 1’ usitlg a
task redaction ralc w. cot)s(raitlts as ldow
1 F 1“ contaitls  only  o]w.ratio])d  goals rdurll SIJCCESS
ll;l,Sl~; add l“ to Q and cc,lltil)llc

Fig. 1. Static ]tulc  Atlalysis  A1.goritlitll

I’kml: activities: (foo c21 G) (I>ar  c216) collstraillts:  . . . . .
l’lal12:  act,iviticw:  (foo c21G) (bar  c?l 1 ) comtraillts: . . . . .
ltcductioll ltu]el: if l,rcscmt: (bar  ?a) ]Iot-]ncsc]]t:  (fcro ?1))
l{cductiou  Itulc2:  if prcscult: (lmr ?a) (foo ?a)

III tllc prol)ositiollal  case, botl) rule] and 1ulc2 alqdy  to both p]anl  a]lcl ldal12.
II] the full case, rule 1 doos IIot  a])ldy eit,llcr Ida]ll or ]dal12. III tllc full case rwlc2
q)ldicx  to pla]l] hot  does not  al)l)ly to ldal12. N o t e  that ill tllo })rol)ositiollal
case, ill order  to ~Mcsumc that variables resolve olAil]listically, the analysis  lMO-
C.cdurw mccl Ilot collllmtc  all lmssil)lc  hilldillgs.  ltatllcr, tllc analysis lMOCC(lUrC
Icsolvcs IJrcsmlt collstrail)ts  by lmsomillg laatcllillg  if tllc p red ica t e  IIlatcllcs
and by igyloriug Ilot- ~mmmt  colmtraillt,s (a~ld others  a s  i nd ica t ed  ahovc).  ~b
furtllw illustrate, collsidct  tlw following cxal~llk frolll tl~c MV1’ dmmlill. lf’i)c
i~lI)ut goals, relevant  dccollll)ositioll  rules, and o~mratiollal predicates arc  Sllowlt
L(!1OW.
II,l,tlt Goals: (automatcl,  ?filcs)  (Inatil,lalcl,  ?filcs)  (clisl,lay-lllar, tllatcl,-crrc,r ?filcs)
l)ccoml,osition Rutes:
llu]el  1411S  (autolllatcll ?fl ) (Illaulllat,cli ?fl ) 1{11S (collstract-ola-laa(  rix ?fl auto-l]latl-
ICfillc’d)
l{ulc21,11S (clisj,lay-ll)alllllatcl}-c~~or ?f2) l,~csc~lt (autolilatcll  ?f2) (It]alllilatcl, ?L?) ILIIS
(clisplay-ol,]-error ?P2 atlto-mat,-rcli],cd)
Opcratioaal  l’rcdicatcs:  co]lstrilct-olr]  -]lli,trix,  disl,]ay-om-  e r r o r

111 b o t h  tlm l)ro~)ositioual  al}d full  StiitiC  lulc a n a l y s i s  c a s e s  both r’ulcs would
apl)ly  iu the a n a l y s i s .  l’]ms,  both allalys(:s  w o u l d  ill(licatc  that  tile  inl)ut  goals

. .
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call lJC rcduccxl  into  opmat)iol~al facts/activitlim.

3.2 Static Analysis Tools for Operator-.hascx] Planning

TIIC static analysis tlcclmiqucx call also bc a})})licd to the MVl”s cqmratlor-lrasml
l)lanllcr  coml)olwat.  l’his  is acccml;)lishcd  by gmcralizil]g  tile l)lannillg  algorithm.
Again,  as with the static rule analysis, tllc static o~mrator  analysis is cmlsideriwg
a gcllcral  class of prol)lmas  dcfinccl t)y a problcm  sj)ac.c. As witll  tllc static rule
analysis, a prol~lm space  ddiTlcs ali allowahlc  set of goals am] a sot of olmatioual
lm:dicatcx  which arc assumed true ill the initial  state.

111 the IIrol)ositiollal  static operator analysis case, ill orclcr to treat the domail]
tll]cory  optimistically, WC lnust  assume  tlmt all }motcctio]l iatcractiom call lw rc-
SOIWX1  hy varial)lc  assigalncllts.  Ilccausc  of the al mcllcc of lmtcc.tion collst,raiats,
the pro}mitimal qwrator  static analysis  corrcspmlds  to tll[! lmopositimal  rulc-
]mscd static analysis. All opwator witl~ prccomliticms  1’ ad cfl’ccts E maps ol~to
a rule with IJHS 1’ ancl 1{11S 1’;. c~ollditiolml [! flcwt cxtmd al~alogously.

‘1’lIc lloll-l~rol)ositiollal static al)alysis  case is IIancllccl by modifying a stalk
dard  operator-l)ascd ldanmr.  ‘1’hc l)lalJmr  is cllallgcd by adding  all acliicvcmcmt
olmatlim correspmclil]g  to prmumil]g  ally olmratiollal  fact is true ill the initial
state.  We arc currcutly  iavestigatiag usil)g ll]ore so~dlisticatccl static ana lys i s
tccllniqucs  to detect mom subtle casts w]me goals are  ullacl]icwaldc  [7, 16]. ‘1’lm
full (e.g. ~loll-l~rc)l)c)sitiollal)  operator static aaalysis  algorithm is SIIOW1l lmlow.

Static{)  l)rratorAllalyzcI’’~lll(  il]~,~lt, ol,rratiol,a], o~,crators)
i]iitializc plaa qucac C) tc} (goals= ialmt, comtraiats=  )
selcc.t a l)laa 1’ froln Q

for each l,laa 1“ prodoccd by achieving a goal G ming  the following :Ilethods:
1. use all existing  cllmrator  ia tlw IJaJ, tc) arllicvc  G
2. add a ncw o],crator  to the I)lall to arhicve  G
3.* if the goal is olmratioaa]  assalne it trac  ia tllc illit,ial slai,c

resolve coaflids ia 1“ (protdiolls)
1 h’ 1” has rio uorcscrlvcrl conflicts and lIo ol]acliicved  goals
‘1’1 III;N rctunl  SU(;O;SS
1’;1,S11 add 1” to Q ancl continae

Fig. 2. Static  Olmrator  A1lalysis Algorithm

P’igurc  4 slIows the subgoal tree gcl]cratcd  1 )y lmrformill.g  full static analys-
is o~l the operator plal)llcr  pmLrlcm  sl)acc ddncd  hy: IIl]mtj Goals: (comlmtc-
oltl-l]latrix  m mamnatcll)  (ul)dat c-archival scdr ?fl laa]~laatcl~)  and operational
l’mlicatcs: Ilroject,  illitial-lJrcrlict-sollrcc’.
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4 Completion Analysis Tools

I’hc scccnlcl type of liIIowldgc  base dcvdo]mcn)t  tool used in MV1’ is tlw colJll}lc-
tioll  analysis tool. III lllally cases, a kllowlcdgc cugimcw  will c.ol)struct a do~l~aill
spccificatiol]  for a  l)artic,alar  VI~Alt lmoblcm,  test  it out  0]1 kllowll filc!s and
goal  combillatious.  “1’wo  I)ossiMe outcollles  will occur. 1~’irst,  it is possil)le t,llat
the dolnaill  slmcificatiojl  will lmoducc all invalid solut,ioll. SfXOIId, it is possible
that the plat)mr will be mablc to cmstract a solutio:~ for a ])1OMCIO t]lat tllc

~X])~I’t bC!]iCVCs  iS SdVdJk!.

111 tlm c a se  tha t  tile plan)lm  co~lstructs all invalid solutio]l,  tllc kILowk:clgc
Cligilmr  call usc tllc illcol)sistclltj I)art, o f  tllc solution  t o  ildicatc tllc flawed
])ortiou of the domai]i tllcory. For cxalal)lc,  sul)ltose that tile lda~ltlcr lModllccs
a plan comsistillg  of steps AIICH),  I)ut the cxImt bclicwc!s that tllc correct  lda~l
comists of stq)s AIIWSI). II] this  case tllc kuow]cdgc cll.gillecr call focas  011 tlw
ul]cler]yiug  mason  tlmt, S is I)ecessary.  S IIlust have IIad SOIIIC IJU1l)OSC  ill tl~c l)la]).
It ~aay bc MXXICX1  to acllicvc a tol)-level goal G CN a l)rccollditioll  1’ of A, 1], or c;.
Altmlativcly, if the ordcxillg of olmrators  or varialdc  assigm)lellts  is not, valid ill
the lwoduce,d ldali,  tl~c kllowlcclgc c]l.ginccr  call focus  OD tllc Imotectioll or otlm
c.omtraillt  w]lich should llavc lJcc~I mlfOrcd.

111M2 scco]]d possi})i]ity is that tlw domai]l slmcificatioll  fails to allcw tllc de-
sired solution, l’or exalnplc,  tllc cx)mrt believes that, tllc l)lall AIICH) s])ould
acllievc the goals, lmt  tlm planllcr  fails to  fi]ld ally Idall to  acllicwc the goals.
1]1 this case, dctccti~]g  tllc flawed Imrt of tlm k[lowlcxlgc  base is ]l)orc diflicult,
because it is difficult to clc%m[lilw which ~)art of tllc doluai~l sI)c!cificatioxl caused
tllc desired outlmt, l)lall to fail. 1]] II]al)ual]y dcbaggil)g  these  tylms of l]roblc]m,
tllc knowledge cngimcr  would write out  lJy lla~ld t,hc l)lall tl~at should  lx c,oll-
structc!d. l%c kllowlcclgc c~lgil]ecr  wou]d tllc!u collst.ruct  a set of lmolhm, each
of wllicl]  corrmpondcxl to a suh}mrt of tlm failcxl colllldctc  lmoblcm. l’or exaJll-
ldc, if a failed pdhn cousistd of acl)icvi]l.g goals A, 1], and C, tllc ktlowlcdgc
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c]~~i]lcer might try the plamm o]) A akmc, 11 almc, and ~ alol]c, to attcml)t to
isolate t,lm Lmg to tlic }mr[ioll of tllc kaowlcdgc  }msc corrcslmmlil]g  to A, 11, or
~, corrcsl)olldillgly.

~omplctim analysis tools par(ially  autolaat,c  tllis  tcdiom process of isolating
tflc bu~ I)y constructing subprdJlclns. ‘1 ‘he mllldctio]l analysis  tools allow tlm
dccomlmitiol) or operator-basccl plalimr G to collstmct a lmoof with assulnptiolls
that a small l]umlmr of goals or sul)goals cal L bc ]msul]lcd  acllim’al~lc  (t ypicalty
Oll]y 011(2 01 tWO)7. ]]y SCCi[lg  WhiC]l gOdS if &SSUllldJ](’,  make t)iC: lmol.)lcm SOIVa~JIC!,

tl)c user .gaills valualde  infomatioll about wllcre the bug lies ill tllc kllowlcdgc
l)asc. For example, if a I)IOIJICIII  consists of goals A, 11, and ~, and tile lwoblcxll
lmmtm solvab]c if If is assumed acllicvalJlc, tllc Lug is likely to be ill tile porticm
of tlm lalowlcdgc  Last rclatillg  to the acl Licvcmcnt  of 11. Altmlativcly, if tlw
proldcv]l i s  so lvab le  wllcm either B or ~ is assulocx]  achicvahlc,  thm the hug
like] y lies ill the interaction) of the operatols achieving 1 I ancl {~. l’he  ccmqdctioll
analysis tool is used by running  the modiflcxl  plalllmr al.gol itllm ulltjil either: 1.
a rcsoutcc  lJouIld of tflc llumfm of ldalls  cxl)aldcd is rcaclm];  or 2. them arc
no ]llorc ldam to expand. ‘1’l)c complctio]  1 analysis algoritlm for tllc rcductio]l
l)lanl)cr is sllowll Lmlow.

MlwwLu Uhtll \ –
\ r\-- !A&  mid \ M

0MCOP2

1,,,,f”M,~<,,\
1,.,”,,  !  fil,. !!41  .H,,,..m !!.,  brg.1

I \ II

jL’w(\/-A’”r% ,,,,., OL1,  CAM  PAR

,,, [, “,.1 [0,,,,1,,,) p,,

r,,’)., t
/

r,, ?., ,

RIB blS

i
,,.,1< {,”,,14,} p)r”

M02vLOT.,0,, .c,. cr. d.

\

,!? r“il!  .$!

,d,,,m /“?”----- C 1,”

/ /
,J?iod, roll, , .,wr,  , .- C011:7P.  UCT  MO:AIC  PI1.  B LIST

Fig,. 4. Subgoal Graj,lI indicating Static  [)Imator Al]alysis  for Navigaticm Goals

G III LIIC col]l],lc:tioll  analysis  for l,otlI tlIc lductio~, l,lal,llcr  aud tl,c o p e r a t o r - l , a q c c l
IJlalillm thcm arc clloicc ]joiats ill the searc}) i]] orderi?lg ]Lwls iu the scarcll CIUCUC.
iII IIOLII ca$cs, wc use stalidard  hcmristics  IEwcd CIII the ;Iulnl,cr  c~f outstanding goals
aIld }Jan clcrivation stq)s sc~ far. llowcvm, tlIc static analysis tccllniclaes  woulcl work
wit]) ally al)proj)riatc  heuristic for this scmrcll clloicc.

7 ‘1’lIc nulnbcr  of goals a%sumal)lc  is licpt  sloall  Iwc.ausc allowing tlIc IJalllm to assomc
goats dramatically incrcascs  tlw scarcl, slmc[  for possil,]r  l,lans. lt effectively adds 1
to tile Imallc.l!ing factor of cwcry goal acllicvmncmt IIodc ill tlIc search slmcc  fcm the
])lal)
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[;oli)]~lc:tiollltcclllctiolll’lallllcr  (in])ot,  olmrationat,  rules)
il)itializc  Q = (goals= in]mt,  constraints:=)  assom])tions=  O )
11~’ resource bound  rctura  SO14U’1’101VS
N] ,SII; sck.t a pkm 1’ froln Q

for each ]~lall  1“ ]) focluccd  I,y lcdllcing  1’ using a task rducticnl rule
11” Lhc const~aints  ill l“ arc cc,ljsistcllt

11” 1“ contains  only o}mratioIl gosh/activities
‘1’llltN add 1“ to SO1,LJ’I’1ONS
1+;1,S1’;  add 1“ to Q allcl colltiauc

EI,SE cliscard 1“
for each l~lall 1“ }moduced Iy lmesumillg the currmit goal acl,icvccl/o~)eratic~  riiLl
11” 1“ coatains  only olwration  goals/activities

“J’l INN adcl I“ to SOI,lJrl’lONS
H,Slt incrcmcmt  N~ill~l)crofAss~  lll~I)tio~ls(l”)

11’ NIIII]l)crOfAss~IiiiJ,l ic,~,s(}”) < boul,d
‘1’IIP;N acid 1“ to Q

Fig. 5. (~olnl,lctioli  Analysis for l{cduction I{UICS

III the operator-basccl l)lalll]c], comId&iol]  analysis  is lmrmittccl  by addil]g
al~othrx goal acllicvcmmt  Imtl]od  vliicll  corrcsl)o]]ds to assumiu.g  that tl~c goal
is magically achieved. ‘1’IIC ccmlldctiol]  malysis qmlator  planner  is thcm rul L until
eitlm 1. a resource  bound  of tl]c lill])lbcr of ldam cxl)al]dcd is rmchcd;  or 2. tl)crc
arc no more plain to expand.  All solutions fouud arc then rq)ortcd back to tlm
mm to assist ill focusing o]) possi])lc  areas of tlm clomaill theory for rcfillemcllt.
l’llc  basic coml)lctim~ analysis algorithm for tlm olmator  l)laul~cr is showl] Ix.iow.

(;ol]ll)letic)rlO1, cratorl’laIll)cr(  iill)llt, il,itial-state,  operators)
initialize Q == (goals= input, conslrailds=, assulnlAions=O)
1 F resource l)cmIId cxcccdcd

1’II1;N  rctorll  SOI,1J’1’1ONS
1’;1,S1; select a plaa 1’ from Q

for each plau 1“ producrd  l)y achieving a goal using the following Indhods:
1. usc existing opcratoI  ia the ]Jan to aclkicvc the goal
2. add a lIcw opcratol  tc, the I,lari to adiicwe tlm .gc,al
3. use the il)itial state tc) acliicw the goal
4.* if the nufn}mr of goals alreacly assuloccl in I’ is kss  tl,al,  tile ljouIIcl

assume the goal t] uc usiag c.olo]~ldicm aualysis;  the Ilu]oher of assoml)tio]w  ill
the ]lcwr ])lan is 1 ]aore than I,lle mllol]cr  ill 1’ resolve co]lflicts  ill 1“ (]motcctions)

IF 1“ has lIo unresolved cmlflicts  alicl l]as 110 uIlacllicvcd  gods
‘I’ll  II;N adcl 1“ to SOI,lJ’I’]ONS
ItI,S]’; acid 1“ to Q and colltil)ue

‘1’lw mai]l  drawback of the comldctioll  analysis  tools is tl~at tllcy  dralllatically
itlcrcasc  t)l)c sim  of tllc search sImcc. I’lius, with tllc collll)lctiou analysis tools,
wc provide tllc user wit])  tl]c olAiOl] of rcxtric.tillg tllc tylm of goals that call
be lmsumcd true. ~hrml]tly tllc mm call restr ict  this  procwss  in tllc  fc)llowillg

ways:
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allow mdy top-lcvc] (I)roblm input) goals to lJC assulml;
a l l o w  oIIly goals  a])])  cariug in a  SI)CCific  ol)cntors  I)rcconditions  tc) bc as-
sllmc!d  ;
allow goal rc]atillg  to all operator (al)lmarillg  ill its ]Jrcconditioll  or cflccts)
to bc assumed; and
only allow ccrtaiu prcdicafcx  to Ix assulmd.

‘1’lIus  far, wc have foul]d these restriction mctllods  to bc fairly eflcctivo  in focusing

the search. Note that  allowillg  c.crtai)l  goals t,o IM l)rcsumcd  trm corrcs])omls  to
Cditillg  the prol)]cm  (Idinitioll  (or dolnain  tllcory)  lluInoIous  tilncs  and :C-rullnillg

t,llc ])lammr.  For cxaml)lc,  al]owillg a sillglc  top-lmwl  goal to l)c assumed true for

a  ])roblmn w i t h  N  g o a l s  corIcsl)c)IIds  to editing tl)c prol)lcm  dcfil}itioll  II times,

each tilnc removing onc of the to])-level goals and rc-runnil)g  the: ])lallncr  each
tilnc.  Allowing a ])rcc(n)(litioll  of all opera tor  to IM sq)cmdcd corresponds  to
rullnillg  tllc planner  0]1 the origil Lal proldcm  multil)lc  times, each time with a
dolnaill  tlmory  that has ollc of the olmat or lmxollditiolls removed. Mamlally
lmrfomlillg  this tcstiug to isolate all error quickly grows  tircsolllc.  Fllrtllcrmorc,
if lmlltiplc  goals arc  allowed to lJC suslmidcd, tlm IIUIIIIM]  of edits a]]d rulw
grows collll~illatorially.  ~’llc colnldctioll  analysis tools arc  dcsigllcd to alleviate
Illis tedious process and to allow tllc user to focus ml repairillp, the domain  theory.
As a side cflcct,  rul]tling tl]e ldalllmr  m)ly  OIICC  is also coll~l)lltatic)llally  l~lore
Cfiicicllt thau mnuiug tho planmr multlildc  t imes . ‘1’llis  is because  tile l)lamlcr
mcd Cxl)lorc  portiom of the scarcll sl)acc ullrclatml  to the suslmldcd colldit,iom
fcwm tjilllcs.

‘1’lLus,  tlm colnldctioll  analysis tcclllliqucs  arc gmerally used ill the following
luallller.  MW’  automatically logs any Im)ljlcItM  ullsolval)lc by tllc task rc!ductiml
])lamlcr (untcxlucaldc)  or Olmator-based l)lallllcr (110 l)la)l found).  l’]m user tlwm
slmcifics  that om of the tol}-level goals may be susImldecl  (ally om of tlic tol)-
lCVCI  goals is a valid callclidatc  - tllc planllcr  tries  cacll ill tur:l. T’llc com~dctio]l
l)la]lllcr tllcm finds a ldall which solves  all but ol)e of tllc top-lcwcl  goals - focusing
tllc user 011 t)llc tol)-level goal which is ullacllim~al)lc. ‘1’llc user tllwl dcterlllincs
W]]icll q)crator  01 that sl)ould  bc acllicwillg tlm goal, and sl)ccifics  that the COlll-
ldct,ioll planner  may comidcr  SUS1)C1ldillF,  lmcconditiol]s of 01. TILc comldctioll
aualysis  plal)ncr  runs  aml dctcrmimx  wllicli luwcollditiml I’1 of 01 is prm’cmtil~g
a])l)licatiol~ of this qmrator. Next,  the user determil)es  wllicl~ olwrator  02 should
Ix achicvi)lg  this l)recondition  1 ‘I of 01, all(l tl~c Imccws colltillucs  recursively
until  tllc flawed  operator is found. For exallll)le, it Illay lm that a lmotcctiol] cann-
ot bo mforccxl, thus lmvcntillg a lmcol)ditioll  PI fvom bcillg acl]ievcd. IIi this
c:tst!, su] )posc allothcr opcxator  02 slmuld be able to acllicve 1’1, Jlut suslmldillg
its prcconclitjiom dots ]Iot  allow the problml to IM solved. This  might  IIillt to
tllc lil]owlcdgc Cllginccr that tllc lmoblcl[~ is ill tl}c protcctioli  of 1’1 from 02 to
01. Altcmativcly,  it may km that no operator has all cfl’cct  that call acllicwe 1)

(lmrllal)s the kl~owlcclgc cllginccr  forgot to dcfillc tlm cf[cct  or olmrator).  Or tliat
the cflcct  IIas  a cliffmmt  number  of argulamlts,  or argumcmts ill a diffcrcu~t  ordor,
or argulmmts  of a difrerent  tylw.  ‘~liesc  tyl m of bugs call be easily dctectwl  o]lcc
tllc l)ug has bccm isolated to tile ])articular  o~mator.  Amtllcr  ]msibility is that a



ccnlclitional  rlffcct that slLoold lJc uswl lms tlm wrong collclitiolml  lmcollditio]w.
Again,  oltcc tllc lmg Ilas bccm t] aced to a IJarticular  operator, tllc debugging
lmoccss  is fywatly  sil[lplificd.

11] cmlcr to furtllcr  cxl)laill lmv tlm colllldctioll  analysis tools arc used, lvc now
clcscribc a clctailcd cxal[~ldc of ]1OW  th(! coml)letio])  a~lalysis tools arc  used. ‘J’IIc
gral)l~ below ill l’igurc  G illustrat,cs  this ]moccss frolll all actual debugging  cl}isoclc
which occurrccl in the dcvclol)lncllt of a l)ortioll of tlw lJallllil]g h)owlcdgc I)asc
8 relating to a proMcIIl  called relative l]avigation

9 .  ~}a~ll of t]lc following SOC]H

in the debugging process is lahld 1’ if tl]c lda~lllc~ l)crforllled tllc stcl); IJ if tile
user/kIlowlcdgc cnginccr  performs tllc stq); or ~ if the coln~)lctioll alialysis  too]
pclfolm tllc Stcl).

1. (1’) ‘1’}Ic ],lallucr  is ulIalJlc to sol~,c tl]e origi]lal  }Jroblc]ll.

2 .  ( U )  ‘l’lie u s e r  illil,iates tl)c clcl~ogg,irlg J,roccss by illvofiilig  I,]Ic oI)crator-l,ascd
c.on}~Jetion analysis tool slmcifyi]lg  that cuic I,olblcwel goal lnay bc sasl~c:lldc,d.

3. (~) ‘1’)lc,  com])ldioa IJlalllier  colisl,racls  a I)lall acllievilig  all c,f t,lic goals }Jut tl,c
LoJ,-level goal of (colnl,utc-oln-  matrix ?oln-laatrix  ?file-list  ?Jile-list).

4. (LJ) ‘Ilc user tlml cletcrmiaes  that tile 0MC!01t2  ol,crator  should have I,CCII a})]c
to acltievc tllc  goal (coll]l]lltc-olrl-lllatrix  ?ol]l-laatrix  ?file-list  ?filc-list).  “J’IIc oscr tllcll
continues tlw clcljuggillg lmoccss by i[l},ofiillg the collll]lctio~l analysis tool sllecifyillg
that a lmecollclitio~l of the 0M~Ol12  ol,crator  may I]e sasl)cadccl.

5. (JU) Ill respoase  to the user rcclucst, the colll]Jctioa  ])lanlm  fiIIcls a jdall  achieving
all goals excel)t  tlie  0M(101t2  }Jrccol\ditiolj (tiepoint-file ?tIj ?Jile-list l~la]]lnatcll).

6 .  (LJ) “1’l~c u s e r  tllcli dei,erloilles t}lat tllc l)rccollditio~l (ticl,oint-fi]e  ?tlj  ?Jilc-list
Ioann]atcll)  shonld  I)c acllicvccl by t}ic M,4NMA’1’(;I1  ol)crator, al}d invokes t]lc OIICI -

ai,or  com]dction  aaalysis  too l  allowillg  sasImlsioll  of o][e of tllc })rccollclitiol~s  of tljc
MA NM AI’CI 1 OIKTatO1.

7. (~) I’lle ccnl]l)lctioli I,lalluer t}lcll fiilcls a I,la]i acl)ievillg  all goals l~at t])c l)rc-
?rol,.  fiIt, ?fi\c-Iist) of tllc ol)crator  MA NM A”J’C~l 1.coadition  (rcflli ccl-ovcrla~)- l~airs .

8. (LJ) ‘1’lIc uscx tl)c]i cfctcml)illes tflat, tlLc Ijmcollclitioli  (rcfirlccl-ovcrlal  j-l,airs ?rol,-
Jile ?fiic-list)  s])ould l)avc bcc]i  ac}iicvrrf  by tllc l;l)If\lS  cq)crator a]lcl invokes tlie ol,-
erator c.om]Jdion  aaalysis  tool allowillg  sasl)cnsioll  of an ltI)Ifll S ~Jrecoliditiol}

9. (CT) ‘1’l)e colol)lctiol]  I)lallllcr finds a l,lall acllicvil~g  all goals I)ut t}tc l,rccollditioll
(craclc-overlal)  -pair ?cop-file ?Jile-lisl)  of I+;l)II\l  S.

10. (U) ‘1’he user tllel~ cfctemaillm that this f)recorlditio]l  (cra[fc-overfa]  )-l)air  ?ccJII-

Jilc ?filc-list)  skoald  have, bcc]i  acllicvc,cl  I)v tlIc h40SI’1,0’J’-collstrtlct-c]llcle-1lav-filc.
‘1’his results  i]] aliothcr  invocation  of t}le  cc)]]l],lctiol]  aIlalysis  tool allowillg  susl,c]lsio]}

of a ]mccondition  for h!f~S]’],~’I’-con stracL-cradc-nav-fi  [c.
11. (C) ‘1’lIc cojl]l,lctioll  al)alysis  t o o l  tllc]l  fi])ds a ~>lall  acllicvillg  a l l  g o a l s  but  tl)c

——. -
8 Note that this is tlic o~wratoj- ]>ortiojl of tllc kIIowldgc base relatil)g  dircct]y  to tllc

task reduction roles  showII ia I,lIC exajll])le for static  I ale a~lafysis.
g For t}le i~ltmmtcd reader, Jlavigatic)ll  of tf]e illlagc  is tlte l,rocess  of clctcrl,liliilig  i,l,c

amo]lriatc trarlsforlllatioxl  Jllatrix tO Jllap CWCII l)ixci from the  2-dilac7miollal  (Iilie,
saml)]c)  of tllc illlagc  sJ)acc to a 3-cfiIllcjlsiojlal (x,y,~,) of soJac coorclillatc  object sl]acc
(moally based o], the planet cm,ter of the target being  ijaagcd).  Relative ,Iavigatioj,
correspoacfs  to tl~c ~)roccss wlIcj) clct,mjl~illijig  tIlc almolatc  l~cmitiojl  of cacfl l)oillt is
cliff icult to colal)utc  so tl]at tllc  })roccss  focoscs  ojI cletcrlllillillg  tfie correct l)ositiojts
of each })oil]t relative to other points ijl rc,latcd ijnagm.
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l,recolldition  (lat,lo~l ?~ilf ?Iat ?Io]]) for tl)e o] IcIator  h40S1’1, C)’I’-coI1str(lct-cr(  lcle-llav-
fit{,.

12, ((J) At this l)oiut,  the user notices that tl,c  coIIstructccl  J,la]l for acllieviug  the
goals IIas assumed tl)c instantiated goal (Iatknl $zoliddlr-file ?Iat ?lo II). ‘1’his immedi-
ately i n d i c a t e s  the error  to the user Imcausc the user  is c~x]mcti])g a file ]Iamc as the

sccollcl  argumcmt  of lllc Iatlon ))redicatc  ‘ 0,

/‘- -- -)--- -Y—

Fig. 6. Sul)goal Gral)h for Collll,ldioll Aualvsis  l)cl,uggiug

lJllfortunatdy, we  have as of yet MA bcm aldc to dckumiac aay  heuristics for
col)trolling  the! USC of tlmc coml)lctioll  tools that allows for ]]lorc!  glol)al search
or allows for less user  interaction.. Ilowmwr, ill tllcir  currcllt, forlll, the com~dc -
timl al~alysis tools have lmovcd  quite ascful i]] dcl)uggillg tllc MVI’  radiomctric
comwtioll  and color triplet rccoastructiwl kliowlcdge base.

4.1 I m p a c t  o f  Dc}~uggiag

III order to quaatify the uscfull]css of tllc complctiml  aaalysis  tools, wc collcctcd
data from a 1 week l)llasc of domail] tlmmy  dcvclol)]mmlt, for tlm relative l~avi-
gatiol] lmrtioa of the domain  theory. I )uril]g this week,  wc idmtified 22 issues

‘ 0  
‘1’llis  is Imcause tlw latloll goal is dcsig],cd  to refer to a s],ccific  image file (e.g.,
112G.lMG).  (~orres]~o~lcliiigly,  tlic: ]JanuiI)~,  o]mators  that had  lWCII dc~fiuccl to acci~lirC
iuforlnat,ioll  such as latlon  Imcwuuml actual file l)alncw llllfortullatcly,  &~lniclcllc-file
refers to a VJCAI{ variable which will lIC }JOUUCI to an actual fllc llamc  c)nly at tllc
til~lc that tlic  VICIAI{ scril,t  is run (i.e. whe]t t}lc I,lau is cxecoted). ‘J’IIus, the I,og  lies
i)) t,llc loismatch  lmtwccn  t h i s  lmconditiml aud the oIwratcms wl]icl] call dctcmainc
latlml iaformatiou  for a file. “1’his I)ug was tliell fixed }Iy ddinillg olwrators  w h i c h
COUIC1 utilize  the, VI(;Alt  varia}de iaforll)at,iou  at rulltilm  and Imform tlm corlrct
stqn to com])utc  t}w necdccl Iatlon iliforlnatioli.



raisccl  by a clomaia expert  analyst  wllicll at first guess appeared  to be lnilnarily
ill the dccolnpositiol)  roles or olmators. For 11 of tlmse 22 lMOMCIIIS  (sclcxt,ed
rallclom]y)  we used tllc debugging  tools ill rcfiniap, tl]c clol]laitl  tllcory.  l’or tllc
otllcr  11 proMcms WC did nc)t use the dcbaggil].g tools. W]lcm  tools were allowcxl,
we estimated that the tools were al)ldical~lc ill 7 oat of t,lm 11 ]moblmns.  TIICSO
7 lmoblcms were solved ill all average of 10 loiautcs  each. ‘1’IIc other 4 took ol~
average  41 mil~utcs. ~’l)e total 11 l)roblcmls wlierc tllc tools wcm USCCI  took 011
average 21 miautcs cacll to correct. 111 tllc 11 prohlcms  SOIVCCI  without usc of tllc
tools, after  fixing all 11 lwoblcms, wc cstiloatcd that, ill 6 out  of the 11 lMOI)ICUI]S
that the clclmggi]lg tools would llavc IIc1l)ccI. q’hcsc 6 problems took On a~wagc

43 l~limltcs each to solve, ‘1’hc rcll]ai[~illg  5 problems  took 011 average! 40 Inillut,cs
to solve. l’hc  sccolid set of 11 l)roldcms took ou average 42 Illimltcs  to SOIVC.

‘1’able 2. II;ln},iric-al IIlll,act  of ~olnl,lctioll  Arlalysis  ‘ltm]s

b%H;:[:;ai+;l

Avelage  Overall Avera~e
~’il,,c. Not A[,l,lical,le ‘1’i,np

5 Discussion

Onc area for future  work is devclol)lncut  of ex]danation facilities to allow t]lc
mm to intros]mct into the  plal]llillg ]nmccss.  SUCII a calml~ility  would allow tllc
user  to ask such cluestious  as “ WIIy  was  this ol)crator  acldcxl to the ldall?” al(d
“Why is this  operator orclcmd  aft(!r this olmrator?”, wllicll call be allswercd
easily  from tllo plan clqmlclcmcy  stroctarc. More cliff icult  (but  also very uscfal)
questions are of the forla “Why wasn’t o])crator  02 uscxl to achieve this p,oal?”
or “Why wasn’t  this lwoblmo classified as problcm  class I’?”. Wc are currmtly
imwstigatillg  using coloplctioll  analysis tools to answc!r this tylm of qucstio]l.  ‘I’l Ic
comldcticm analysis teclllliclacx ale Ielatcd  to theory refillemmt  tecllt~iqucs  frola
machine  lcamillg  [14, !3].  }Iowevm, t lmc tcclllliqacs  presume Imlltildc  cxaml)les
over wllicll to indacc  cmors. Additionally, rwwolLi~lg about l)lalllling  operators
requires reasouing  al)out  tile slmcia]izccl ldallaiag kllowlcxlge rclmescvltatiolls  allcl
constraints. ~’his l)apm has dcscrilmd two classes of kllowlcxlgc base dcvelq)mcmt
tools. Static analysis  tools allow fol cflicimlt  clctectioll of ccrtaill  classes of u]l-
acllic.vablc  goals allcl call quickly focus user attcmtioll  0]1 tllc ullaclkicwaldc goals.
Static analysis tcclmiclucs caa also lx used to verify that clolnaill coverage is
achicwcxl. ~olllldctioa analysis tools allow tllc user to quickly focus 0]1 which
goals (01  sabgoals) arc lmwclkillg  tllc l)lalillcr frolo acllicvillg a goal set lmlicvcd
acllicwablc  by tllc kllowldgc base clcvelopcr.  l’hcse  tools are currently  in use and
we have prcsclltcd  cmpivical cvidmcc  docullleld,iug the uscfallless  of tllcsc  tools
ill coastructillg,  maintaillillg,  a~ld vcrifyi]lg  tl]c MVP l)lallt~illg  kaowlcdgc  Imsc.
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